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Tang, Jay X., Qi Wen, Andrew Bennett, Brian Kim, Catherine
A. Sheils, Robert Bucki, and Paul A. Janmey. Anionic poly(amino
acid)s dissolve F-actin and DNA bundles, enhance DNase activity,
and reduce the viscosity of cystic fibrosis sputum. Am J Physiol Lung
Cell Mol Physiol 289: L599–L605, 2005. First published June 17,
2005; doi:10.1152/ajplung.00061.2005.—Bundles of F-actin and
DNA present in the sputum of cystic fibrosis (CF) patients but absent
from normal airway fluid contribute to the altered viscoelastic prop-
erties of sputum that inhibit clearance of infected airway fluid and
exacerbate the pathology of CF. Previous strategies to remove these
filamentous aggregates have focused on DNase to enzymatically
depolymerize DNA to constituent monomers and gelsolin to sever
F-actin to small fragments. The high densities of negative surface
charge on DNA and F-actin suggest that the bundles of these fila-
ments, which alone exhibit a strong electrostatic repulsion, may be
stabilized by multivalent cations such as histones, antimicrobial pep-
tides, and other positively charged molecules prevalent in airway
fluid. This study reports that bundles of DNA or F-actin formed after
addition of histone H1 or lysozyme are efficiently dissolved by
soluble multivalent anions such as polymeric aspartate or glutamate.
Addition of poly-aspartate or poly-glutamate also disperses DNA and
actin-containing bundles in CF sputum and lowers the elastic moduli
of these samples to levels comparable to those obtained after treat-
ment with DNase I or gelsolin. Addition of poly-aspartic acid also
increased DNase activity when added to samples containing DNA
bundles formed with histone H1. When added to CF sputum, poly-
aspartic acid significantly reduced the growth of bacteria, suggesting
activation of endogenous antibacterial factors. These findings suggest
that soluble multivalent anions have potential alone or in combination
with other mucolytic agents to selectively dissociate the large bundles
of charged biopolymers that form in CF sputum.

multivalent anions; polyelectrolyte; antimicrobial; LL37; cathelicidin

RELATING THE DEFECT in ion transport caused by the genetic
mutation responsible for cystic fibrosis (CF) to the resulting
pathology associated with impaired airway function is a major
challenge in designing strategies to combat this disease. Three
characteristics of airway fluid in CF patients that potentially
differentiate this material from that in normal lungs are differ-
ences in the degree of hydration, ionic composition, and the
presence of cytoskeletal and nuclear debris from inflammatory
cells that emerge in response to bacterial infections associated
with the disease (21). Although there is debate about whether
the ionic strength or hydration of CF airway fluid is more
severely altered from normal levels (15, 29), it is clear that the

airway fluid in CF is particularly enriched in anionic polyelec-
trolytes. In addition to the anionic glycoproteins comprising
the normal mucus matrix, extracellular filaments produced by
colonizing bacteria (12, 14), as well as F-actin (26) and DNA
(1, 19) released from dead inflammatory cells, are highly
charged anionic polyelectrolyte components of CF sputum and
would be particularly enriched if the airway water volume is
reduced, independent of the small ion concentration (15).
These polyelectrolyte filaments contribute to the viscoelastic
properties of CF sputum by affecting both viscosity and elas-
ticity, as quantified by parameters such as the dynamic storage
and loss shear moduli (G� and G�, respectively). The viscoelas-
tic moduli of CF sputum can be significantly lowered by
application of agents such as DNase I, which degrades DNA
(19); gelsolin, which fragments actin filaments (26); or thiol-
reducing agents and NaCl that act directly on mucin (6, 9, 16).

Both F-actin and DNA are anionic polyelectrolytes, with
surface charges sufficiently high that a significant concentra-
tion of otherwise soluble cations is sequestered near the surface
of the polymer. One result of counterion condensation pre-
dicted by theories and verified by experiments in vitro is the
lateral association of such filaments under specific conditions
into bundles. Large bundles containing both F-actin and DNA
are a common feature of CF sputum (20), as these polymers
enter the airway fluid when neutrophils and other cells lyse as
the result of inflammation. Bundle formation of these anionic
polymers in the sputum requires multivalent cationic coun-
terions to overcome the strong electrostatic repulsions between
the filaments (25). Counterion condensation around polyelec-
trolytes strongly favors the binding of larger-valence coun-
terions over smaller-valence ions, and the collapse of charged
filaments into bundles occurs suddenly over a narrow range of
counterion concentration and requires a critical filament
length (23).

Theoretical models of polyelectrolyte solutions predict that
if bundles of charged filaments are stabilized by polyvalent
counterions they will be dissociated by addition of soluble
coions, and this prediction is verified by experiments in vitro
with purified DNA or F-actin (25). In the case of the actin/
DNA bundles in CF sputum, potential cationic ligands include
histones, polyamines, and other cationic peptides present nor-
mally in the airway fluid or released from bacteria or inflam-
matory cells. In this study the hypothesis that the abnormal
accumulation of DNA and actin in CF is mediated by poly-
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electrolyte effects is tested by measurements of the effects of
soluble anions such as poly-aspartate (poly-ASP) and poly-
glutamate (poly-GLU) on the viscoelastic and morphological
features of both purified systems and sputum obtained from CF
patients.

MATERIALS AND METHODS

Proteins, DNA, and other reagents. G-actin was prepared from
rabbit skeletal muscle as previously described (25) and stored in
G-actin buffer composed of 2 mM Tris, 0.2 mM CaCl2, 0.2 mM
dithiothreitol, 0.5 mM ATP, pH 8.0, and polymerized to F-actin by
addition of 2 mM Mg2�, 10 mM Tris, pH 7.4, and either 50 or 150
mM NaCl as specified. LL37 was synthesized with an automatic
peptide synthesizer monitored by mass spectrometry and capillary
electrophoresis at the Louisiana State University Medical Center Core
Laboratories. Calf thymus DNA (Sigma, St. Louis, MO) was dis-
solved in solution containing 100 mM NaCl and 2 mM HEPES, pH
7.5. Bovine mucin (Sigma) was dissolved at a concentration of 3% for
rheological measurements. All chemicals were supplied at analytical
grade. Histone H1, turkey egg white lysozyme (3� crystallized),
poly-aspartic acid, and poly-glutamic acids of various molecular
weights were purchased from Sigma and underwent no further puri-
fication.

Preparation of sputum samples. Sputum samples were collected by
spontaneous expectoration as previously reported (20). Undiluted
samples were used for rheological measurements and each sample
was diluted 1:10 in PBS (138 mM NaCl, 27 mM KCl, 10 mM
NaH2PO4, pH 7.4), vortexed, split into equal aliquots, and then used
for microscopy or the bactericidal assay. Frozen 1-ml aliquots were
thawed at room temperature under conditions where previous studies
determined that the rheological properties were similar to those of the
fresh sample before freezing (20, 26). They were used for rheological
measurements and microscopic imaging.

Light scattering measurements. Formation of lateral aggregates of
F-actin or DNA was detected by measuring the light scattering
intensity at a fixed angle of 90° with a Perkin-Elmer LS-5B lumines-
cence spectrometer (25). For the light-scattering data shown in Figs.
1 and 2, rectangular cuvettes of 10 mm path length and 5 mm width
were used, containing initially 600 �l of either 0.1 mg/ml F-actin or
0.3 mg/ml DNA solution. Scattering intensity was measured when the
solution reached steady state following addition of a stock solution of
concentrated histone H1 or lysozyme. Light-scattering data were
plotted in arbitrary units, with the scattering intensities consistent
within the individual graphs only.

Optical microscopy. Aggregates were observed under a Nikon
TE-300 microscope using both fluorescence and phase-contrast
modes. The images were taken with a Sanyo charge-coupled device
camera with a �1.5 coupler. F-actin was labeled with rhodamine
(TRITC) phalloidin (Sigma). DNA was labeled with YOYO-1 (Mo-
lecular Probes, Boulder, CO) (20), and mucin was labeled with Texas
red-conjugated Ulex europaeus agglutinin (Sigma) as described pre-
viously (7). The size of all optical images shown in Figs. 3 and 4A is
175 � 150 �m.

Immunoblotting analysis. For immunoblotting analysis, samples of
CF sputum were mixed with gel sample buffer, then boiled for 10 min,
and subjected to electrophoresis on 12% polyacrylamide gels in the
presence of SDS. After electrophoresis, proteins were transferred to
nitrocellulose membranes (Immobilon-NC, Millipore) that were
blocked by incubation in 5% (wt/vol) nonfat dry milk dissolved in
TTBS (150 mM NaCl, 50 mM Tris, 0.05% Tween 20, pH 7.4). After
transfer to the membrane, proteins were probed overnight with a
monoclonal antihistone H1 antibody (Upstate, Lake Placid, NY) used
at 2 �g/ml dilution in TTBS. Horseradish peroxidase (HRP)-conju-
gated secondary antibodies were used at 1:20,000 dilution in TTBS.
Immunoblots were developed with Kodak BioMax MR film with an
HRP-targeted chemiluminescent substrate.

Rheological measurements. In most studies a torsion pendulum was
used to measure the elastic modulus of sputum samples. The pendu-
lum response to a sudden deflection to an initial strain �10%,
resulting in a resonance frequency of �1 Hz, was analyzed by fitting
to a sinusoidal function with exponential decay (8). A commercial
RFS II rheometer (Rheometrics Scientific, Piscataway, NJ) was also
used to determine the frequency-dependent G� and G� values for
selected sputum samples (e.g., sample 5) and provided an internal
control for the accuracy of G� values derived from the torsion
pendulum. In these measurements, the strain was 5%, and the fre-
quency varied from 0.6 to 100 rad/s. The magnitude of the G� and G�
moduli and their frequency dependence (data not shown) were very
similar to those of sputum samples previously studied by this method
(17). Each value of elastic modulus shown in Fig. 6 is the average of
three to six measurements taken on separate 500-mg sputum aliquots,
and the error bars show the calculated SD. Three methods of preparing
the samples were examined: 1) addition of additives, such as buffer
and polyelectrolyte solutions, followed by 1 h of slow rotation of the
mixture sealed in Eppendorf tubes; 2) addition of additives, 10 s of
vortexing, 1/2 h of incubation at rest in Eppendorf tubes; and 3)
addition of additives, placement of samples in a humid container, 10
cycles of gentle swirling with a pipette tip, followed by 2 h of
incubation at rest. Frozen samples were thawed at room temperature
for 30–45 min before the treatment described. Once the sample was
applied between the rheometer plates, the rheological measurements
took �30 min to complete.

DNase assay. The enzymatic activity of DNase I from bovine
pancreas (Sigma) was evaluated by adding 60 U/ml into solutions of
0.01 mg/ml DNA in 100 mM NaCl, 5 mM HEPES, pH 7, and 3 �M
poly-Asp-244. The activity is obtained from kinetic measurements by
monitoring optical density of the samples with light-scattering effect
subtraction [optical density at 260 nm (OD260)–OD320]. Because the
OD260 increases as DNA is digested by DNase, the initial rate of
change of OD260 is proportional to the DNase activity.

Bactericidal assay. A single colony of Pseudomonas aeruginosa
(PAO1) was selected from a plate and grown to mid-log phase (OD600

�0.3) in 2 ml of tryptic soy broth medium (Becton-Dickinson,
Cockeysville, MD). One milliliter of the bacterial suspension was
centrifuged at 4,000 rpm for 5 min at room temperature, and the
bacterial pellet was resuspended in PBS. Serial dilutions of the
antibacterial peptide LL37 were mixed with the diluted bacterial
suspension, with or without poly-aspartic acid, in 0.3-ml aliquots.
Similarly, tubes containing 90 �l of CF sputum samples (1:10 dilu-
tion) were treated with LL37 peptide or poly-aspartic acid. All tubes
were incubated at 37°C for 1 h and transferred to ice. Duplicate 10-�l
aliquots of 10-fold dilutions (undiluted, 1:10, 1:100, 1:1,000) of these
mixtures were plated on sectors of agar plates, and plates were
incubated overnight at 37°C. The number of colonies in the duplicate
samples at each dilution was counted the following morning, and the
colony forming units of the individual mixture were determined from
the dilution factor.

RESULTS

Formation and dissolution of bundles containing F-actin
and DNA. As predicted from consideration of polyelectrolyte
electrostatics, independent of specific chemical structure, two
structurally distinct cationic proteins expected to be present in
CF airway fluid have potent ability to bundle both DNA and
F-actin in solutions of physiologically relevant salt concentra-
tions. Figure 1A shows the effect of histone H1 on bundling of
DNA and F-actin. Because DNA found in CF sputum results
from rupture of neutrophils and exposure of heterochromatin to
the extracellular fluid, histones are presumably also released
where they could interact with both F-actin and DNA. Ly-
sozyme, a cationic protein normally secreted into the airway
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fluid as a bactericidal agent, is also capable of bundling F-actin
and DNA (Fig. 1B). To test that the bonds stabilizing the
histone-containing bundles are primarily electrostatic, Fig. 2
shows that the bundles of DNA or F-actin formed by histones
are dissociated when the polyvalent anions poly-ASP or poly-
GLU are added. Both species of anionic polypeptides (coions
for DNA) can dissolve DNA bundles, but less poly-ASP is
required for the same outcome.

Microscopic visualization of filament bundles. Previous
studies have shown separately that polyvalent cationic agents
such as polylysine form bundles of DNA or F-actin alone (24).
We also find that when these polymers are mixed, histone H1
forms bundles containing both types of filaments. Figure 3
shows by optical microscopy the formation of heterologous
bundles of DNA and F-actin induced by histone, followed by
disappearance of large aggregates upon addition of poly-ASP.
Similar results were also obtained using poly-GLU of higher
concentrations (not shown), consistent with the light-scattering
results. These in vitro results demonstrate the concept that
polyvalent cations can bundle F-actin, DNA, and mixtures of
the two and that the bundles so formed are dissolved when
polyvalent anions (either poly-ASP or poly-GLU) are added.

Extension of these results to the more complex environment
of whole CF sputum is shown in Fig. 4. Here the large

aggregates of both actin and DNA common to CF sputum are
dissociated by poly-ASP, as we predict from the results of Fig.
3, assuming that what holds the bundles together in sputum are
polyvalent cations. The effect of poly-ASP under these condi-
tions is limited to F-actin and DNA, as the endogenous mucin

Fig. 1. Light scattering of F-actin (F) and DNA (E). Steep increase of
light-scattering intensity indicates formation of bundles. A: addition of histone
H1 to 0.1 mg/ml actin and 0.1 mg/ml calf thymus DNA (Sigma). Bundles of
DNA and F-actin were induced at [Histone H1] �1 and 0.1 �M, respectively.
B: lysozyme induces bundle formation of DNA and F-actin at [Lysozyme]
�10 and 5 �M, respectively. Error bars represent SD from 3–5 measurements.

Fig. 2. Reversal of histone-induced F-actin or DNA bundles with anionic
poly-peptides. Bundles formed by 0.1 mg/ml (2 �M) F-actin and 1.0 �M
histone H-1 (Œ) or 0.3 mg/ml DNA and 5 �M histone H-1 (open symbols) were
incubated with various concentrations of polyvalent anions as shown. The
different polyvalent anions include D,L-ASP 75 (Œ, ‚), D,L-ASP 90 (ƒ), L-ASP
260 (E), and L-GLU 201 (�). Data shown are representative of 3 experiments.

Fig. 3. Dissolution of DNA and F-actin bundles by poly-aspartate (ASP).
Heterologous bundles of DNA and F-actin were induced by 10 �M histone
H-1, as visualized by rhodamine phalloidin labeling for F-actin (top row),
YOYO-1 labeling for DNA (middle row), and phase contrast, respectively
(bottom row). All bundles were dissolved by 50 �M poly-ASP with an average
molecular mass of 20 kDa (right). Data shown are representative of 3
experiments.
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network, as visualized by fluorescent lectin retains much of its
structure.

The possibility that the actin and DNA bundles in CF
sputum may be stabilized by histones is confirmed by the
immunoblotting results shown in Fig. 5. Analysis of four
different sputum samples showed a prominent band at �31
kDa that reacted specifically with an antibody to histone H1.

Ability of polyvalent anions to relieve the abnormal vis-
coelasticity of CF sputum. If polycation-mediated binding
between F-actin and DNA polymers in CF sputum contributes
to the viscoelasticity of the sputum, then dissolution of these
bundles by soluble polyvalent anions would be expected to
lower the elastic moduli of sputum in concert with the disap-
pearance of bundles visible by microscopy. Figure 6 shows that
the poly-ASP treatment that dissociates the observable bundles
in CF sputum also reduces the elastic modulus of CF sputum,
as measured by a low strain rheometer used in previous studies
of the effects of gelsolin on sputum rheology (20, 26). The
extent of decrease in G� is similar to that observed after
treatment with gelsolin or DNase (26). Figure 6 compares the
effects of two different concentrations of poly-ASP on eight
sputum samples obtained from six different patients. Six of the
eight samples showed a significant, concentration-dependent
lowering of the shear modulus to an extent that is in the same
range as previously reported for effects of DNase or gelsolin

Fig. 4. Effects of poly-ASP (right) on the sputum of a cystic fibrosis (CF)
patient. A: dissolution of DNA and F-actin bundles was visualized by rhoda-
mine phalloidin labeling for F-actin (top row) and YOYO-1 labeling for DNA
(middle row), respectively. The change in overall morphology is shown by
phase-contrast microscopy (bottom row). B: presence of mucin in CF sputum
visualized using Texas red-conjugated lectin (top row). The morphology of
corresponding samples is shown by phase-contrast microscopy (bottom row).
Data shown are representative of 3 experiments.

Fig. 5. A: protein separation of CF sputum (4 different samples) by SDS-
PAGE electrophoresis on 12% polyacrylamide gel. B: presence of histone H-1
(arrow) in CF sputum detected by immunoblotting analysis with a monoclonal
anti-histone H-1 antibody.

Fig. 6. Changes in the shear elastic modulus in 8 CF sputum samples after
addition of buffer alone (solid bars) 25 �M poly-ASP (striped bars) or 250 �M
poly-ASP (open bars). Data were normalized to shear storage (G�) for un-
treated sputum 	 1. Samples 4, 5, and 8 came from the same patient on
different days, whereas each of the others came from different patients. The
samples were slowly rotated for 1 h after addition of buffer and peptide
solutions, which contributed 5% by weight.
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(26). Two samples showed no significant response, and this
finding is also consistent with previous reports that not all
sputum samples contain F-actin and that samples with low
elastic moduli are unlikely to be altered by actin-depolymer-
izing agents (20). When the elastic moduli of each sample are
normalized to the value of the untreated sputum, 25 �M
poly-ASP decreased G� by 26% (P � 0.001 vs. control value
by the Student’s t-test) and 250 �M poly-ASP reduced G� by
39% (P � 0.001 vs. control value).

The decrease in elasticity of CF sputum was not due to an
effect of poly-ASP on the mucin glycoproteins directly. Figure
7A shows the complex shear modulus (G* 	 G� � G�) of
bovine submaxillary gland mucin measured over a range of
frequencies. Triplicate measurements of mucin with or without
addition of 250 �M poly-ASP show little variability within
each sample and no significant effect of poly-ASP. In contrast,
Fig. 7B shows a significant effect of poly-ASP on a represen-
tative CF sputum sample measured at the same strain (5%)
over the same range of frequencies.

DNase I activity. To test whether poly-ASP-mediated disso-
lution of bundled DNA affects its degradation by DNase, we
evaluated DNase enzymatic activity after adding pancreatic
DNase to the samples containing DNA bundles formed with
histone H1 and different concentration of poly-aspartic acid.

DNase activity was very low in samples that contained DNA
bundled with histone H1 but increased by over an order of
magnitude after addition of poly-ASP (Fig. 8). The increase in
DNase activity reached a maximum with 3 �M poly-ASP
under these conditions and decreased slightly at higher poly-
ASP concentrations. When added to DNA without histone H1,
poly-ASP at concentrations up to 25 �M had no significant
effect on DNase activity (data not shown). The concentration
range over which poly-ASP increased DNase activity is very
similar to the range where the same molecular weight of
poly-ASP dissolved DNA/histone H1 bundles as measured by
light-scattering changes shown in Fig. 2. These data suggest
that polyvalent anions might have a positive impact on cur-
rently used CF treatments using recombinant human DNase
when DNA is assembled in bundles.

Bacterial load of CF sputa. Poly-ASP decreases bacterial
outgrowth from CF sputum but has no effect on growth of

Fig. 9. Bacterial load of CF sputa after treatment with poly-ASP or LL37.
Samples: 1, control; 2, treated with 10 �M poly-ASP; 3, treated with 50 �M
poly-ASP; 4, treated with 10 �M LL37. Data are reported as means 
 SD from
5 experiments. CFU, colony-forming units. Differences between means were
evaluated by the Student’s t-test, with P � 0.05 being taken as the level of
significance. *Significantly different from corresponding control. **Counts
within background noise.

Fig. 7. Complex shear modulus (G*) in units of Pascal (Pa) of bovine mucin
(A) and 3% solution in 150 mM NaCl, 50 mM Tris, and 0.05% Tween 20, pH
7.4 (B). CF sputum was measured over 0.6–100 rad/s frequencies. Error bars
represent SD from 3–5 measurements.

Fig. 8. The DNase activity inhibited due to bundling of DNA by histone H-1
is recovered by poly-ASP. DNase I activities, in arbitrary units proportional to
the rate of change in optical density at 260 nm, are shown for 0.01 mg/ml DNA
in 100 mM NaCl and 1 mM MgCl2 with 3 �M histone H1 and varying
concentrations of poly-ASP (degree of polymerization 244). Error bars repre-
sent SD from 4 or 5 measurements.
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isolated P. aeruginosa cultures. Figure 9 shows that addition of
10 and 50 �M poly-ASP decreased the number of bacterial
colonies grown from samples of purulent CF sputum but had
no effect on growth of isolated P. aeruginosa. The extent of
bacterial growth inhibition by 50 �M poly-ASP was as great as
that achieved by 10 �M of the antimicrobial peptide LL37, a
concentration that completely blocked the growth of isolated P.
aeruginosa. These results show that addition of poly-ASP to
CF sputum can lessen bacterial growth by a mechanism other
than direct bacterial killing by poly-ASP and consistent with its
ability to liberate endogenous antibacterial activities within CF
sputum. Higher concentrations of poly-ASP could not be used
in the bacterial outgrowth assays because control experiments
(not shown) verified that high concentrations (100–500 �M)
directly inactivated purified antimicrobial peptides like LL37,
presumably by the same electrostatic mechanism by which the
more highly charged polymers like F-actin or DNA do so at
lower concentrations (27).

DISCUSSION

Accumulation of long filamentous polymers into bundles is
associated with a number of pathological states, and in CF,
bundles of DNA and actin have been implicated in the altered
sputum viscoelasticity that may contribute to the disease (19,
20, 26). Even apart from the effects of F-actin and DNA on
sputum viscosity, these highly charged polymers may have
other deleterious consequences in CF. Some therapeutic treat-
ments have been based on identifying agents that can fluidize
the sputum, and a recent focus has been on proteins that
selectively depolymerize F-actin or DNA, such as DNase (1, 5,
19). In addition to the covalent bonds or specific protein-
protein contact sites targeted by these depolymerizing agents,
there are also more general electrostatic forces that stabilize
anionic polymers and that can inhibit the agents meant to
depolymerize them. It is increasingly recognized that the elec-
trostatic features of polyelectrolytes with high surface charge
can lead to strong attractive forces that are significant even in
solutions of high monovalent salt concentrations.

The importance of polyelectrolyte effects governing the
sequestration of mobile ions around DNA has long been a
subject of theoretical and experimental work and is an essential
aspect of the forces regulating the dense packing of long DNA
polymers in the viral head or chromatin (3, 28). Polyelectrolyte
effects are also central to the design of strategies using cationic
lipids and polymers to improve transfection efficiency of spe-
cific DNA in therapeutic applications (4). More recently, these
same concepts have been shown to govern the bundling of
other anionic biopolymers with high surface charge, such as
F-actin, into the bundled arrays characteristic of some intra-
cellular structures (25) and into stable complexes of F-actin
and cationic lipid bilayers (30).

The results reported here suggest that polyelectrolyte effects
also govern the formation of bundles containing actin and
DNA in the complex matrix of the airway fluid and that soluble
polyanions have a potential to fluidize these bundles, thereby
lowering sputum viscosity and enhancing access of depolymer-
izing agents to their filamentous targets. The efficacy of dex-
tran sulfate as a mucolytic agent, for example, may be due in
part to its polyanionic charge (22). The potential for identifying
effective polyanions that might be useful clinically is signifi-

cant, since, unlike polycations, which are usually highly toxic,
acidic natural and synthetic polymers are often tolerated in
vivo. For example, poly-GLU and poly-ASP, the two agents
shown here to be effective in dissociating actin and DNA
bundles, have been the subjects of toxicity and pharmacoki-
netic tests in animal models and show promise in several
therapies ranging from enhanced gene delivery (2, 13) to
protection from inflammatory effects of cationic proteins (10,
11).

The efficacy of poly-ASP and poly-GLU strongly suggests
that polycationic ligands are responsible for the stabilization of
the bundles. The list of these polycations in CF sputum is not
fully known, and several such molecules may act in concert to
facilitate bundling. A likely component is histone H1 that is
released with DNA from the nuclei of ruptured cells and which
potently bundles actin and DNA in vitro, as shown in Fig. 1.
Numerous other polycations may also contribute to bundle
stabilization. These include interleukin 8, recently shown to be
sequestered by F-actin and DNA in CF (18), and a number of
antimicrobial proteins and peptides including lysozyme, as
shown in Fig. 1B, defensins, and cathelicidins. The loss of
antimicrobial activity in CF, despite the secretion of antimi-
crobial peptides into the airway fluid (21), may therefore be
due to the sequestration of cationic antimicrobial peptides in
polyanionic filament bundles. Therefore, fluidization of these
bundles may lead to liberation of some antibiotic activity, and
this effect along with lowered viscosity may have beneficial
effects in vivo (27). The prevalence of anionic polyelectrolytes
in many insoluble pathological deposits including amyloid and
biofilms, suggests that treating these materials with appropriate
soluble multivalent anions may also aid in their fluidization.
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